Insulin resistance is a pandemic problem that does not discriminate between demographic factors, including socioeconomics and ethnicity [@bib1]. Type 2 diabetes mellitus, a consequence of insulin resistance, is a metabolic disease that, according to the latest data for the World Health Organization in 2014, affects 9% of the world\'s population, both in developed and developing countries, and directly caused 1.5 million deaths in that year alone [@bib2]. Prediabetes, or metabolic syndrome, was found in nearly 35% of cases in adults in the United States alone between 2003 and 2012 [@bib3]. The predisposing factor and best indicator of future diabetes development is insulin resistance. This condition is defined by a decrease in insulin sensitivity in the peripheral tissues. Insulin resistance is characterized by a decline in cellular response to insulin stimulation at the peripheral tissues. Thus, it is important to investigate the mechanisms of this peripheral response to insulin in order to understand the pathogenesis of later metabolic complications.

Oxidative stress has been recently recognized as a key mechanism in insulin resistance. Oxidative stress is defined by excess endogenous oxidative species, which both damage cells and manipulate signal pathway [@bib4]. Reactive species, especially reactive oxygen species (ROS) like superoxide, hydrogen peroxide, and hydroxyl radical ions [@bib5], are the agents of oxidative stress and are produced at low physiological levels mostly in the mitochondria and peroxisomes. ROS are produced endogenously and have physiological significance at low levels, especially in signaling pathways [@bib6], although these mechanisms are not yet clear because of the dual role ROS plays as both a signal and as a damaging agent [@bib7]. Among these signaling roles are transcriptional control [@bib8] and cell cycle regulation [@bib5]. There is cross talk between endogenous mitochondrial ROS and redox enzymes ranging from NADPH oxidases to angiotensin I/II receptors [@bib9]. H~2~O~2~ has been specifically investigated in these studies as one of these "redox switches" which can lead to vicious cycles of redox stimulation. It has been accepted for some time that ROS becomes damaging to cells beyond low physiological levels. Recent studies have concluded that ROS damage has direct roles in the development and progression of many chronic diseases, including the pathogenesis of insulin resistance and type 2 diabetes.

The link between oxidative stress and insulin resistance has drawn attention. Research in this area has revealed that there is a strong correlation between the state of oxidative stress in the body and the incidence of insulin resistance and even late stage diabetes cases. The understanding of this correlation has been unclear or incomplete, often focusing on an individual detail of a specific pathway or pathogenesis. In this review, we intend to clarify the molecular pathway behind the pathogenesis of insulin resistance, explore the link between insulin resistance and obesity, and discuss antioxidants as potential treatments for diabetic and pre-diabetic patients.

Insulin receptor signaling pathway {#sec2}
==================================

It is important to describe the insulin receptor signaling pathway when discussing insulin resistance. Insulin receptor signal transduction involves many proteins and is transected by several other pathways. A schematic of this pathway along with the pathogenic, oxidative pathway are shown in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1**Insulin receptor signaling pathway including ROS influence.** The normal pathway begins with insulin binding insulin tyrosine kinase receptor. The insulin receptor phosphorylates insulin receptor substrate-1 (IRS-1) [@bib10] which in turn phosphorylates PI3-kinase. PI3-kinase then phosphorylates PIP2 which then activates Akt [@bib11], eventually leading to glucose transporter 4 (GLUT4) translocation to the plasma membrane of skeletal muscle cells and adipocytes, thus allowing the cell to absorb extracellular glucose, lowering interstitial glucose levels and thus plasma glucose concentration. Abbreviations used: PIP2 and PIP3: phosphatidylinositol species; Rac: Rac GTPase; ROS: Reactive oxygen species; JNK1: c-Jun N-terminal kinase 1; CK-2: Casein kinase 2; NF-kB: nuclear factor kB; IF-kB: Inhibitory factor kB; p38 MAPK: p38 mitogen activated protein kinase; Akt: protein kinase B.Fig. 1

Glucose transporter 4 (GLUT4) is the main glucose transporter in the peripheral insulin sensitive tissues, namely skeletal muscle and adipose tissue [@bib12], and it has been the focus of much research related to insulin resistance. The cell responds to insulin by increasing GLUT4 expression in the plasma membrane, thereby increasing cellular uptake of glucose from the bloodstream. However, high levels of insulin signaling produce a negative effect on GLUT4 presence in the membrane [@bib13]. Up to what is considered optimal insulin concentration, the cell increases its utilization of the normal insulin transduction pathway. Beyond optimal concentrations, the cell shows a downward shift in GLUT4 expression. Thus, blood glucose levels remain high and the pancreas secretes more insulin in response, leading to a positive feedback loop that drives up intravascular levels of insulin and desensitizing the peripheral tissues to the insulin. The biomolecular consequence of this cycle is the continued downregulated expression of GLUT4 in the cell membrane, exacerbating the problem [@bib13]. The systemic result of this dysfunction is hyperglycemia, hyperinsulinemia, and increased oxidative stress in tissues.

The mechanism behind this regulation involves different proteins in transduction than the normal pathway. NADPH oxidase 4 (NOX4) is a powerful oxidizing enzyme that produces ROS. Above optimal insulin concentrations, a shift in the signaling pathway happens at PI3-kinase. PI3-kinase phosphorylates Rac instead of PIP2, which amplifies the activity of NOX4 [@bib14]. ROS levels increase as a result. The increased ROS activates casein kinase-2 (CK2) which in turn activates the retromer [@bib13]. The retromer then signals the trans-Golgi network downstream, and GLUT4 is transported to lysosomes for degradation instead of the plasma membrane. Therefore, intravascular glucose levels remain elevated in the oxidative environment.

Mitochondria also contribute to the oxidation in the cell due to high nutrient environments. Due to an increased supply of glucose in high sugar diets, mitochondria have more substrate available to make ATP. Thus the mitochondria are hyperactive and produce more of their natural byproduct, ROS [@bib15]. This increased ROS damages the infrastructure of the cell, and induces stress responses the mitochondria are responsible for. ROS directly stimulate NF-kB [@bib11], JNK [@bib16], and p38 MAPK [@bib17] resulting in mitochondria-induced stress responses. Increased ROS levels induce mitochondrial fission resulting in actions on both the insulin receptor pathway and stress proteins [@bib18]. Mitochondrial fission has been directly linked to insulin resistance in skeletal muscle [@bib19]. The stress pathways and proteins induced by mitochondrial dysfunction have been extensively studied for their roles in apoptosis and the cell cycle, although they induce other stress responses [@bib20]. A study in cell culture showed that insulin resistance can be prevented by restricting mitochondrial over-activation [@bib21].

Relationship between obesity and insulin resistance {#sec3}
===================================================

Obesity has become a health issue of pandemic proportions. It is linked to many different chronic diseases including cardiovascular disease, stroke, and type 2 diabetes as well as other variable illnesses among different demographics [@bib22], [@bib23]. It has been generally accepted for years that there is a link between obesity and insulin resistance or type 2 diabetes with much research on the relationship being devoted to inflammation [@bib24]. This link has recently been clarified by a variety of studies.

Free fatty acids (FFAs) are abundant in obesity [@bib25] and cause cellular dysfunction, especially in the mitochondria [@bib7]. A study done in adipocytes showed increased levels of mitochondrial fission when these cells were exposed to either high glucose or FFA levels. This is accomplished through endogenous ROS production and release as well as the manipulation of the insulin transduction pathway. Mitochondrial fission increases p38 MAPK expression and downregulates IRS-1 and Akt function [@bib18]. Furthermore, this mitochondrial dysfunction appears to be affected on the transcriptional level in obese persons, according to a study done in human subjects of varying degrees of obesity [@bib26]. As adipose tissue increases, mitochondrial transcription levels in adipose tissue decrease, resulting in impaired glucose utilization in this tissue.

Another study done independently showed an additional mechanism by which excess adipose tissue manipulates systemic oxidation. This is accomplished through inflammatory response [@bib27].

Excess adipose tissue secretes a special group of cytokines, appropriately named adipokines [@bib28]. These proinflammatory molecules induce chronic inflammation \[[Fig. 2](#fig2){ref-type="fig"}\]. Proinflammatory cytokines induce chemotactic invasion of the target tissue by immune cells which further propagate the problem [@bib24]. The immune system attacks accumulated adipose tissue because of this and causes a steady state of inflammation. Chronic inflammation is known as a cause of many degenerative diseases including neurodegenerative diseases and heart disease [@bib29]. These adipokines also induce pro-inflammatory cytokine production in macrophages, furthering systemic inflammation [@bib30].Fig. 2Link between obesity and insulin resistance.Fig. 2

There is one adipokine that has been found to be beneficial in the study of oxidative stress and insulin resistance. Adiponectin works to correct oxidative conditions [@bib31]. Contrary to the action of other adipokines, adiponectin levels decrease as adipose tissue accumulates [@bib32]. The exact regulation of this inverse relationship is unknown, but it could be regulated by post-translational methods. Adiponectin is known to antagonize insulin resistance by enhancing hepatic IRS-2 expression [@bib33], potentially mediated by FGF-21 [@bib34]. Excess adipose tissue is therefore a dynamic organ that can either enhance or heal the effects of oxidative stress in the body [@bib25].

Because excess fat is the cause of these inflammatory problems, it is important to maintain a healthy weight. Visceral fat is of particular importance, as it has the strongest correlation with metabolic syndromes and oxidative stress [@bib35]. It is the main site of adipokine imbalance and FFA action [@bib36]. Unfortunately, the most common clinical measures of fat composition -- waist size and body mass index -- do not always give an accurate depiction of fat distribution or content. The measureable cross-sectional area of visceral fat is a far better indicator of inflammation and oxidative potential in the body [@bib37]. Decreasing visceral fat has substantial benefits on metabolism and decrease the likelihood of insulin resistance and the effects of established insulin resistance.

Antioxidants in the control of type 2 diabetes {#sec4}
==============================================

The method of resolving ROS in the body is to electronically pair the radicals to each other, thereby resolving the radical electrons without propagation [@bib38]. This "radical scavenging" is done by several mechanisms but most importantly by superoxide dismutase (SOD) and other enzymes [@bib39]. It should be noted that the redox product of SOD and NOX4 is the potent oxidative species H~2~O~2~, and this product is finally resolved by peroxidases such as catalase and glutathione peroxidase [@bib39]. There are also specific enzymes to metabolize ROS from mitochondria, including glutathione peroxidases and peroxiredoxin-3 [@bib39]. Proteins damaged by ROS are also processed to prevent radical propagation and mutated proteins from causing further damage [@bib40]. Protein turnover in the cell dictates that proteins are degraded constantly, decreasing the effective levels of the proteins and disabling the processes they are driving [@bib41]. Excessive oxidative stress forces an imbalance in protein turnover, favoring damaged protein accumulation over degradation [@bib20].

There have been several studies in which antioxidants have improved insulin sensitivity. Antioxidant vitamins such as ascorbic acid (vitamin C) and tocopherols (vitamin E) have therapeutic potential [@bib39]. Their conjugate bonds can stabilize a radical electron by electronic resonance which is subsequently resolved by a scavenging protein \[[Fig. 3](#fig3){ref-type="fig"}\]. This neutralizes the oxidation being done by the radical.Fig. 3Radical stability in ascorbic acid.Fig. 3

Ascorbic acid, was investigated in several studies for its antioxidant function. One study was done in patients with coronary artery disease and coinciding insulin resistance associated with oxidative stress [@bib42]. Not only did the subjects\' vascular flow improve, but their insulin sensitivity also increased. Another study done in a randomized patient population specifically targeting skeletal muscle insulin response to ascorbic acid showed significant amelioration of oxidative stress and improvement in insulin sensitivity in the muscle tissue [@bib43].

Tocopherols also exhibit antioxidant properties that improve oxidative deficiencies that could be vital for disease prevention. Successful in vivo studies in rats investigated their protective effects against oxidation, preventing accumulation of oxidation in the tissues [@bib44]. The study asserts that tocopherols are potent scavengers of peroxyl radicals made by NADPH oxidase. Another study done independently in human tissue models showed that they can even increase the expression of adiponectin receptors [@bib45]. Therefore, tocopherols could both lower radical presence in the body and lower adipokine inflammation, preventing oxidative stress and subsequent insulin resistance.

Other antioxidative compounds have also been studied. Flavonoids are an exceptional example of some of these compounds. Diabetic patients given anthocyanin supplements, a water soluble flavonoid pigment, made improvements in metabolic function [@bib46]. These metabolic markers included decreased fasting glucose and serum lipids, decreased inflammatory markers, and increased antioxidant potential. The flavonoids in green tea also positively impact metabolic effects in obese patients [@bib47] and glucose-challenged rats [@bib48]. Each model showed increases in insulin sensitivity and lower systemic oxidation.

Several studies have revealed problems associated with antioxidant therapy as it relates to oxidative stress. These issues appear to be dosage dependent and pharmacokinetic in nature. They have sometimes failed to show any results in clinical settings. Tocopherols, for instance, have been shown to be ineffective in protecting patients, including diabetic patients, from cardiovascular complications [@bib49]. Antioxidants have also been shown to have harmful effects in patients due potentially to redox cycling reactions. A study was done in postmenopausal women with type 2 diabetes taking ascorbic acid supplements [@bib50]. The results showed an increased risk in mortality from cardiovascular disease for higher dosages of ascorbic acid. Ascorbic acid has emerged as a prooxidant at high concentrations and has even been used as an oxidative cancer therapy as it increases H~2~O~2~ production [@bib51]. These issues must be resolved in future investigations but should not detract from the benefits shown early in this study. The most immediate benefits of these studies could be low dose preventative treatments before a safe and effective treatment is developed. These preventative treatments can be effectively accomplished through oral administration. Ascorbic acid has a predictable bioavailability of 60--100 μM [@bib52], and high concentrations can only be reached with intravenous administration. Tocopherols have variable bioavailability among individuals, but they are considered safe to administer at a variety of doses [@bib53]. Intravenous administration should again be used for future aggressive therapy. Other studies have been done in rats using other antioxidants such as α-lipoic acid, and they have found bioavailability [@bib54] and therapeutic [@bib55] doses for a variety of oxidative diseases, but these have not made it to clinical trials in humans. These along with other studies, makes it clear that antioxidants have potential as metabolic syndrome treatments, both as preventative and standard treatments.

As oxidation is a key issue in insulin resistance, it is important to find specific, targeted ways to combat oxidative species accumulation in the tissues at the molecular level. Increased understanding and manipulation of antioxidants can afford this desired specificity in the correction of oxidative stress without some of the side effects seen in preliminary research. This redox correction will be beneficial as both a preventative measure for insulin resistance and other conditions as well as an additional treatment for those conditions once formed. A healthy and varied diet that is low in sugar could give exceptional protection against insulin resistance and prevent oxidative stress in the body. Fruits and vegetables in particular provide synergized nutrient delivery that the body can use most effectively to combat oxidation [@bib56]. Ascorbic acid, tocopherols, and flavonoids are all found in these foods. By and large, eating a variety of fruits and vegetables conveys protective amounts of antioxidants to decrease the likelihood of systemic oxidation and insulin resistance. Investigating more potent forms of antioxidants would also be important.

Future perspectives {#sec5}
===================

Combination therapy could lead to the best outcomes for patients with insulin resistance. Antioxidants show promise as effective treatments for oxidative stress. Ascorbic acid and tocopherols have been successful in rehabilitating peripheral tissues and increasing insulin sensitivity [@bib42], [@bib43], [@bib44], [@bib45]. Flavonoids and α-lipoic acid have shown similar qualities [@bib46], [@bib47], [@bib48]. Future use of antioxidants could make it to clinical practice with increased understanding of the mechanisms they employ. A varied and nutritious diet can be employed as both a preventative measure for metabolic health and as a companion to metabolic treatment [@bib56].

Maintaining a healthy weight is also important for treating insulin resistance. Limiting adipose tissue, especially visceral fat, can combat systemic inflammation and decrease the incidence of metabolic syndromes as a consequence [@bib27]. Better methods should be developed to increase the accuracy of measuring visceral fat, as body mass index can be falsely influenced by a variety of conditions. A cross-sectional abdominal scan gives more accurate data [@bib39].

Conclusions {#sec6}
===========

Oxidative stress is a fundamental problem of metabolic syndromes including type 2 diabetes. ROS cause insulin resistance in the peripheral tissues by affecting various points in insulin receptor signal transduction, ultimately resulting in decreased expression of GLUT4 transporter in the cellular membrane [@bib57]. Mitochondria contribute to ROS levels in nutrient rich environments and induce stress pathways in the cell [@bib13]. The systemic result is positive feedback hyperinsulinemia and cell desensitization to glucose. Obesity is a contributing factor to metabolic disturbances and contributes to oxidative stress propagation [@bib25]. Free fatty acids accelerate mitochondrial fission and promote ROS production [@bib7]. Adipokines are released from accumulated adipose tissue and induce systemic inflammation [@bib25]. Antioxidants show promise as treatments for metabolic disease, supported by in vivo and in vitro studies.
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